The two csp-like genes from the lactic acid bacterium Lactobacillus delbrueckii ssp. bulgaricus were characterized and designated cspA and cspB. The gene cspA has been identified using a polymerase chain reaction (PCR)-based approach with degenerated primers and further characterized using an inverse PCR strategy. cspA encodes a protein of 65 amino acid residues which displays between 81 and 77% identity with proteins CspL and CspP of Lactobacillus plantarum. cspB has been identified as a cspA ortholog using the partial sequence of the L. bulgaricus ATCC11842. cspB encodes a protein of 69 amino acids which has 42% identity with CspA. Northern blot analyses showed that cspA is transcribed as a single gene and that its transcription increased after a temperature downshift from 42 to 25 ‡C. In contrast, cspB is part of an operon transcribed at constant level irrespective of the temperature. These results indicate that cspA encodes the only Csp-like protein of L. bulgaricus induced by a downshift of temperature.
Introduction
Lactobacillus delbrueckii ssp. bulgaricus (L. bulgaricus) is a thermophilic lactic acid bacterium, which plays a major role in yogurt industry. Besides L. bulgaricus economical importance and although three genome sequencing projects are in progress, less than 50 of its genes have been characterized for a V1.8 Mb genome [1] . Most of these genes are involved in carbon and nitrogen utilization like lactose transport and degradation [2] , glycolysis [3] , proteolysis [4] , peptidolysis [5] , and amino acid utilization [6] . Among new interesting genes to be characterized are those involved in stress responses. Indeed, during industrial processes and yogurt consumption, L. bulgaricus encounters numerous stress, such as freezing for the storage of starter cultures, decrease of pH, water activity and temperature, and contact with bile salts. Cold shock response might be important for the survival of L. bulgaricus during the preparation of starter cultures and the storage of yogurt. In response to a temperature downshift, various bacteria, among which Escherichia coli, Bacillus subtilis, Bacillus cereus and several lactic acid bacteria such as Lactococcus lactis, Streptococcus thermophilus and Enterococcus faecalis, develop an adaptive response (for review [7, 8] ). This response is characterized by the decrease or the arrest of the synthesis of most proteins and the induction of a subset of proteins, de¢ned as cold-induced proteins (CIPs). These CIPs include some members of a family of low molecular mass (V7.5 kDa) acidic proteins called cold shock proteins (CSPs), which are among the most strongly induced proteins. A family of nine CSPs has been identi¢ed in E. coli [9] . Among them, only four (CspA, CspB, CspG and CspI) are induced upon cold shock [9, 10] . Similar families of CSPs sharing at least 45% identity have been found in multiple copies (from two to nine) in many Gram-positive and Gram-negative bacteria (for a review [11] ). These proteins contain two highly conserved RNA-binding motifs characteristic of eukaryotic Y-box DNA-binding proteins. CspA, CspB, CspC, CspD and CspE of E. coli, CspB, CspC and CspD of B. subtilis and CspA and CspE of B. cereus have been shown to bind to RNA and/or to single-stranded DNA (ssDNA) in vitro. While CspA and CspD of E. coli bind RNA and ssDNA with apparently low speci¢city [12, 13] , CspB, CspC and CspE of E. coli, CspB, CspC and CspD of B. subtilis display a preference for speci¢c sequences [14, 15] . Due to their RNA-binding characteristic Csps have been proposed to act as RNA chaperones to prevent secondary structure formation and to facilitate translation initiation [12, 15, 16] or transcription antitermination [17] .
In this report, two genes putatively encoding two types of Csp-like proteins were identi¢ed in L. bulgaricus. The expression of these two genes was monitored at di¡erent temperatures. Their transcription patterns allow to propose two distinct roles for these Csp-like proteins in L. bulgaricus physiology.
Materials and methods

Bacterial strains, plasmids and media
L. bulgaricus strains used in this work were VI104 [19] , CNRZ8, CNRZ11, CNRZ60, CNRZ384, CNRZ397, CNRZ398, CNRZ401, CNRZ495, CNRZ750, CNRZ1057, CNRZ208. All CNRZ strains were provided by the INRA National Culture Collection (URLGA, Jouy en Josas, France). CNRZ208 corresponds to the type strain ATCC11842. E. coli strain TG1 (hsdR supE thi v(lac-proAB) FP [traD36 proAB lacI q v(lacZ)M15]) [18] was used for plasmid construction and propagation.
Plasmids pBluescript SK þ and pBluescript SK 3 were supplied by Stratagene. Plasmid pVI13 carried the entire cspA gene cloned into the SmaI site of pBluescript SK 3 as a polymerase chain reaction (PCR) fragment ampli¢ed from L. bulgaricus chromosomal DNA using primers OLB-36 (5P-TGTGCGCTTGTCTTTGATGG-3P) and OLB-37 (5P-TCATACTTTGCCATCAACTGG-3P).
L. bulgaricus was grown in MRS (Difco) at 37 or 42 ‡C. E. coli was grown in Luria^Bertani medium (LB, Difco) at 37 ‡C. When necessary, ampicillin was added to a ¢nal concentration of 75 Wg ml 31 for E. coli.
DNA preparations, hybridization and sequencing
Plasmid DNA from E. coli and chromosomal DNA from L. bulgaricus were prepared as previously described [19] . For Southern hybridizations, chromosomal DNA of strain CNRZ208 was digested with BclI, BsaHI, HindIII, KpnI, NcoI, NgoMI, SacI or SphI and chromosomal DNA of the other L. bulgaricus strains was digested with BclI or BsaHI. Restriction enzyme digestions and gel electrophoresis were carried out as recommended by suppliers or by standard methods [20] . Standard DNA hybridizations were performed according to Southern [21] on nitrocellulose Hybond-C extra membranes (Amersham). Probes were labeled with [K-32 P]deoxycytidine triphosphate (dCTP) (ICN Biomedicals) using a random priming kit (Boehringer). Hybridizations under condition of low stringency were performed as previously described [22] .
PCR products were digested with BamHI and ClaI, puri¢ed from a 1% agarose gel and cloned into a BamHIĈ laI digested pBluescript SK þ before transformation of E. coli. DNA sequencing was performed with an ABI sequencer model 373A (Perkin Elmer Biosystems) in combination with an ABI Prism BigDye terminator cycle sequencing ready reaction kit (Perkin-Elmer) using either 321 M13 (Perkin-Elmer) or speci¢c primers.
PCR ampli¢cations
PCR ampli¢cations were carried out using Taq DNA polymerase (Boehringer). The degenerated primers used for the ampli¢cation of an internal fragment of the L. bulgaricus cspA gene were OLB-2 (5P-CG-GGATCCAARGGNTWYGGNTTYAT-3P) and OLB-4 (5P-TCATCGATAAGCYTGNGGNCCNCG-3P Inverse PCR was carried out as previously described [23] using primers OLB-24 (5P-TACGAATACATCTC-CATCTGAACC-3P) and OLB-25 (5P-AGTTAGTTAC-GATGTTGAACAAGGC-3P) which correspond to internal sequences of the cspA gene.
RNA hybridization and primer extension analysis
L. bulgaricus total RNA was extracted from 25 ml exponential cultures in MRS medium as described previously for L. lactis [24] . Northern experiments were performed on nylon membranes (Biodyne, Pall industrie) using standard methods [20] . The oligonucleotides used as probes were labeled at their 5P ends with [Q-
32 P]-adenosine triphosphate (ATP) and T4 polynucleotide kinase (Boehringer). Primer extensions were performed as described before [25] using AMV reverse transcriptase (Boehringer).
The oligonucleotides used were OLB-30 (5P-AATA-CATCTCCATCTGAACC-3P) and OLB-118 (5P-ACCC-AAAGCCTTTATCAGC-3P) which were complementary to the mRNA encoding the N-terminal region of CspA and W007 (5P-CTCGTTGCGGGACTTAAC-3P) which corresponds to a 16S rRNA-speci¢c probe (accession number X52654).
Nucleotide sequence analysis and accession number
The nucleotide and deduced amino acid sequences were analyzed with the University Genetics Computer Group software [26] and the Blast program [27] . The nucleotide sequence reported in this paper has been submitted to the GenBank database under the accession number AY094622.
Results and discussion
Sequencing of the L. bulgaricus cspA gene
Nine partial or complete amino acid sequences of proteins belonging to the major cold shock protein family of Gram-positive bacteria were aligned. Two stretches of highly conserved residues [KG(F/Y)GFI], the ¢rst RNAbinding motif from residue 13 to 18, and [RGPQA] from residue 56 to 60 of B. subtilis CspB have been selected to design the degenerate primers OLB-2 and OLB-4 (Section 2.3). These primers were used for PCR ampli¢cation carried out on chromosomal DNA from L. bulgaricus ATCC11842 (CNRZ208).
Three independent PCR products of the expected size (V165 bp) were cloned and sequenced. The 52 clones analyzed contained the same DNA sequence. Its deduced amino acid sequence had a high homology with proteins of the Csp family indicating that an internal region of a csp-like gene had been ampli¢ed. To sequence the DNA £anking this csp-like fragment by inverse PCR, we ¢rst performed a Southern hybridization analysis under lowstringency conditions on ATCC11842 chromosomal DNA using the csp-like fragment as a probe. One hybridization signal was revealed for each of the BclI, BsaHI, HindIII, KpnI, NcoI, NgoMI, SacI and SphI digests (data not shown). A 2 kb SphI fragment hybridized with the csplike gene. Therefore, we performed inverse PCR on religated chromosomal DNA previously digested with SphI using the divergent primers OLB-24 and OLB-25 (Section 2.3). The nucleotide sequence of 1766 bp contains an open reading frame (ORF) of 195 nucleotides comprising the initial cspA PCR fragment (Fig. 1A) . [29] . CspA also contains the two RNA-binding motifs, RNP1 (KGFGFI) and RNP2 (VFVHF) that are highly conserved among the Csp proteins. The aromatic and basic residues important for ssDNA binding of E. coli CspA and B. subtilis CspB [30, 31] are all conserved in L. bulgaricus CspA. These conserved motifs and residues suggest that CspA is most probably a nucleic acid-binding protein as demonstrated for other members of the Csp family.
Analysis of the sequence located upstream of the cspA gene revealed a partial ORF encoding a putative product which is 97% identical to the N-terminal part of the L. bulgaricus ISL5 transposase (accession number AY040214). Using inverse PCR on HindIII digested chromosomal DNA of ATCC11842 we were able to extend our nucleotide sequence 420 bp beyond the SphI site. Analysis of the extended sequence revealed a 146 bp deletion compared with the ISL5 nucleotide sequence which probably results in a non-functional IS. Analysis of the sequence downstream of cspA revealed a partial ORF encoding 74 amino acid residues that are 98% identical to the N-terminal part of the hypothetical protein encoded by orf-195 of L. helveticus plasmid pLH1 [32] . These two hypothetical proteins share more than 65% identity with several putative resolvase proteins and are likely to belong to the site-speci¢c recombinases of the Tn3 family [32] . The fact that the sequences surrounding the cspA gene are homologous to mobile genetic elements (parts of IS and transposon), might indicate that this region has been acquired through a horizontal transfer and/or is structurally instable. Although the region containing cspA has a lower G+C content (V40% versus V50% for the genome) further analysis would be needed to determine if this region has been acquired by a horizontal transfer event from a bacterium with low GC DNA.
In order to detect cspA-related sequences in other L. bulgaricus strains, BclI and BsaHI digests of chromosomal DNA from 11 L. bulgaricus strains belonging to di¡erent RAPD groups and exhibiting di¡erent phage sensitivities (Smokvina, T. and Maguin, E., unpublished) were analyzed by Southern hybridization. The cspA gene was used as a probe under low-stringency conditions. A single band was revealed for each digest, indicating that the cspA region is conserved in L. bulgaricus (data not shown). In nine of the tested strains (CNRZ8, CNRZ60, CNRZ384, CNRZ398, CNRZ401, CNRZ495, CNRZ750, CNRZ1057, CNRZ208), the cspA gene was located on a 2.6 kb BclI and a 3.6 kb BsaHI fragment. In strains CNRZ11 and CNRZ397, the cspA gene was located on a BclI fragment of 2.3 and 2.9 kb and a BsaHI fragment of 4.1 and 3.8 kb, respectively. In view of the fact that the upstream sequence of cspA in strain ATCC11842 seems to encode a non-functional IS, we propose that the observed size polymorphism between strains results from DNA rearrangements occurring at the level of the IS-like sequence.
The detection of a single signal after hybridization of chromosomal DNA and the characterization of a common sequence in the 52 analyzed clones obtained from three di¡erent degenerated PCR ampli¢cations (see above) strongly suggested that a single csp-like gene was present in L. bulgaricus. This result raised two hypotheses, either the L. bulgaricus genome carries a single csp-like gene as encountered in several bacteria [9] or it carries degenerated csp-like gene(s) that could not be detected by these approaches. The genome sequence of E. coli revealed two csp-like genes that diverge more than 55% from the highly conserved cspA-like genes previously characterized [9] . Similarly, two-dimensional electrophoresis allowed the identi¢cation of two additional Csp-like proteins in L. lactis strain MG1363 [33] . The examination of the partial sequence of the L. bulgaricus ATCC11842 genome (1.7 Mb out of about 1.8 Mb, van de Guchte, M. and Maguin, E., unpublished) revealed an ORF encoding a protein of 69 amino acids sharing only 42% identity with CspA; it was designated cspB.
The CspB protein has a predicted molecular mass of 8063 Da and a calculated pI of 9.84. When compared to a protein database, its highest identity score reached 72% with a hypothetical protein of Lactobacillus gasseri (accession number ZP_00046274), the second identity score being 45% with the CspG and CspA proteins of the psychrophilic bacterium Shewanella violacea [34] . Two RNAbinding motifs RNP1 (ASFGFI) and RNP2 (YFVFY) can be found in CspB (Fig. 1B) . Although these residues are di¡erent from the RNP1 (KGFGFI) and RNP2 (VFVHF) consensus sequences, the two RNP motifs of CspB contain aromatic and basic residues required for nucleic acid binding [30, 31] . Interestingly, CspB has a much higher predicted pI (V9.8) than CspA (V5.7) due to a higher content of basic residues (11 for CspB compared to six for CspA) and contains ¢ve tyrosine residues compared to one for CspA (Fig. 1B) . As suggested before [31] , basic and aromatic residues might improve and stabilize interactions between CspB and nucleic acids. It may thus be speculated that the di¡erences between the two Csps of L. bulgaricus contribute to di¡erent binding a⁄nity and speci¢city for nucleic acids for these two proteins. The analysis of the neighboring sequences indicated that cspB could be part of a 4 kb operon with an upstream gene encoding a putative isoleucyl-tRNA aminotransferase and two downstream genes encoding putative products homologous to nucleoside triphosphate (NTP) pyrophosphohydrolases and 5P-methylthioadenosine/S-adenosylhomocysteine nucleosidases, respectively.
The BclI and BsaHI digests of chromosomal DNA from the 11 strains previously analyzed were probed with the cspB gene under low stringent conditions. The cspB gene was located on a single band of 2 and 3.5 kb in the BclI and BsaHI digests, respectively, indicating that the organization of the cspB operon is conserved in L. bulgaricus strains and that a single copy of the cspB-type gene is present in L. bulgaricus.
Transcriptional analysis of the csp genes
Northern experiments were performed to examine the level and the size of the cspA transcript both at 42 ‡C and after a temperature downshift to 25 and 15 ‡C (Fig.  2) . A single transcript of about 500 bases was detected during growth at 42 ‡C. Its intensity was constant during exponential (OD 600 of 0.17 and 0.44) and early stationary phase (OD 600 of 1.8) but decreased about 10-fold in stationary phase (OD 600 of 3.4, Fig. 2A ). When the cells grown at 42 ‡C up to an OD 600 of 0.4 were shifted to 25 or 15 ‡C, the level of cspA transcript increased (Fig.  2B) . The highest level of the cspA mRNA, with an increase up to 20-fold, was observed 2 or 5 h after the shift to 25 or 15 ‡C, respectively (Fig. 2C) . After 5 h of incubation at 25 ‡C the amount of transcript decreased compared to the level detected after 2 h. However, the amount of cspA transcript remained the double of the transcript detected at 42 ‡C. These results show that the cspA transcript is detectable at normal growth temperature but its amount is increased after a temperature downshift. The delayed induction of cspA at 15 ‡C compared to 25 ‡C indicated that the cold shock response might not be e⁄ciently induced in L. bulgaricus below a threshold between 25 and 15 ‡C.
Northern experiments were also performed with a cspB probe after a temperature downshift to 25 and 15 ‡C. A single cspB transcript of about 4 kb was detected and its level remained constant after the temperature downshift (data not shown). These results indicate that cspB is part of an operon that is not induced by a temperature downshift.
Considering that only two csp-like genes were identi¢ed and only one is induced by cold shock strongly suggest that CspA is the only cold inducible Csp protein in L. bulgaricus. Expression of both cspA and cspB at optimal temperature indicates that similarly to E. coli [9] , B. subtilis [35] , L. lactis [36] , and L. plantarum [37] , L. bulgaricus Csp proteins might have a role not only during the cold shock adaptation but also during growth at optimal temperature. Marahiel and coworkers have proposed that CSPs may act as alternative translation initiation factors and/or as RNA chaperones [38] . The genetic context of L. bulgaricus cspB is related to important cellular functions such as protein synthesis (putative tRNA aminotransferase gene) and modulation of pools of biochemical intermediates (putative pyrophosphohydrolase and nucleosidase genes). We propose that the major role of L. bulgaricus CspB occurs during active growth whereas the major role of CspA might be more related to adaptation upon cold shock. Similarly to L. bulgaricus cspA, the induction of cold inducible csp genes or proteins of L. lactis [36] , L. plantarum [37] and S. thermophilus [39] appears to respond to an optimal induction temperature below which induction is delayed. We believe that ine⁄-cient induction of the CSPs below this threshold would compromise the cold adaptive response. So far, the role of CSPs in the acquisition of cryotolerance has been demonstrated only for B. subtilis [40] and L. lactis [41] , but adaptation at suboptimal temperatures has been shown to improve survival to freezing of several lactic acid bacteria including L. bulgaricus [42] . Recently, it has been observed that the incubation for 2 h at 15 ‡C prior freezing did not improve the cryotolerance of L. bulgaricus [43] . As we have shown that CspA is maximally induced at 25 ‡C, we propose that the previous observation was related to ine⁄cient CspA induction (Fig. 2C) .
Identi¢cation of the cspA promoter region
The transcription initiation site of the cold inducible cspA gene was determined by primer extension (Fig. 3) . The mRNA 5P end corresponds to a T residue located 111 bases upstream of the translation start codon. The 335 sequence (TTGCAT) is separated by 14 bases from an extended 310 region (TGTTAAAAT). As previously reported for other cold inducible csp genes, the 5P untranslated region (5P UTR) of the L. bulgaricus cspA gene is rich in secondary structures. This leader sequence might have an important regulatory function. In E. coli, it has been proposed that the 5P UTR of cspA destabilizes the mRNA at 37 ‡C and enhances its stability and translation e⁄ciency after cold shock [44] . Taking into account the sizes of the 5P UTR and coding regions, it is likely that the cspA transcript stops at the second transcription terminator indicated in Fig. 1. 
Conclusion
In this report, we have characterized two L. bulgaricus csp-like genes. The cspA gene encodes a canonical CspAlike protein whereas the cspB gene encodes a less conserved protein compared to the characterized prokaryotic Csp. In silico analysis predicted stronger nucleic acid-binding capacity for CspB compared to CspA. Northern blot analysis revealed that cspA and cspB are both transcribed at normal growth temperature and that cspA is transcribed as a single gene whereas cspB is part of an operon. Only cspA appeared cold inducible with a maximal induction at 25 ‡C. Based on the in silico predictions and the transcription data, both CspA and CspB are likely to play a role during the growth at optimal temperature. However, we propose that the major role of CspA would relate to cold shock adaptation whereas CspB might play a major role during active growth at normal temperature. A better understanding of the responses to low temperatures and freezing may contribute to the optimization of the fermentation processes, the storage of the products and the con- Fig. 3 . Mapping of the L. bulgaricus cspA transcription start site by primer extension. Total RNA was isolated from exponentially growing cells cultured at 42 ‡C. The primer extension products were separated on a denaturing gel alongside a sequencing ladder generated from plasmid pVI13 using the same labeled primer. The star indicates the position of the transcription start obtained with two independent primers (OLB-30 and OLB-118, see Section 2.4). servation conditions. Therefore, future work will focus on the respective role of L. bulgaricus CspA and CspB proteins and the regulation of their expression.
